This protocol details methods to identify and record from cutaneous primary afferent axons in an isolated mammalian skinsaphenous nerve preparation. The method is based on extracellular recordings of propagated action potentials from single-fiber receptive fields. Cutaneous nerve endings show graded sensitivities to various stimulus modalities that are quantified by adequate and controlled stimulation of the superfused skin with heat, cold, touch, constant punctate pressure or chemicals. Responses recorded from single-fibers are comparable with those obtained in previous in vivo experiments on the same species. We describe the components and the setting-up of the basic equipment of a skin-nerve recording station (few days), the preparation of the skin and the adherent saphenous nerve in the mouse (15-45 min) and the isolation and recording of neurons (approximately 1-3 h per recording). In addition, stimulation techniques, protocols to achieve single-fiber recordings, issues of data acquisition and action potential discrimination are discussed in detail.
INTRODUCTION
The skin is the largest sensory organ of the body and is densely equipped with sensory nerve endings. The peripheral nerve endings in the skin provide us with the senses of light touch, mechanical pressure, temperature and pain. The ability to detect these stimuli is critical for survival. Despite this prominent sensory role, our knowledge of the key transducing elements that underlie the perception of these senses is limited. With the increasing access to knockout animals and selective inhibitors, it is now possible to start to identify the molecular components contributing to each sensory pathway. This protocol describes how the rodent skinnerve preparation works and how it can be used to identify the molecules underlying the specific sensations experienced through the skin in wild-type and knockout animals.
Nociceptors are damage-sensing neurons that have their cell bodies in the dorsal root ganglion (DRG) and extend long processes to the skin where their terminals end, partly embedded between the keratinocytes of the epidermis. Assessment of specific ion channels in mechanical, heat, cold transduction and action potential generation is mostly based on experiments using heterologous expression systems and cultured DRG neurons. The native peripheral nerve endings are inaccessible to patch-clamping. Spinal ganglia, first from chick embryos with publications dating back to as early as 1884 (see refs. 1,2), have been a favorite for studies on neurons, but increasing availability of genetically altered mice is changing preferred model systems. Dissociation and culturing of DRG neurons [3] [4] [5] [6] [7] [8] has advantages as well as disadvantages. Isolated neurons in primary culture are accessible to intracellular patch-clamp recordings and measurements of Ca 2+ or other ion activities using fluorescent dyes. Dissociation of DRGs, however, removes axons and satellite cells; the remaining neurons differentiate, or dedifferentiate, in the presence of various culture conditions. As a consequence, the composition of functional membrane proteins changes 9 , increasing differences between isolated cells and native nerve endings. For example, cultured DRG neurons show hardly any heat-activated currents when isolated from TRPV1-null mutant mice (lacking the heat and proton-sensing ion channel 10 ). In contrast, polymodal nociceptors from the skin of whole animals lacking TRPV1 respond almost normal to noxious heat 11, 12 . In recent studies, cultured DRG neurons from Na V 1.8À/À mice 13, 14 became quiescent when cooled to 10 1C, whereas the excitability of cutaneous nerve endings appeared similar to wild-type animals 15 . However, this cold resistance of the sensory terminals was abolished by TTX, suggesting 'compensatory' upregulation or modification of TTX-sensitive Na channels in the Na V 1.8 knockouts 14, 16 . Thus, radically different conclusions could be drawn from intact animals or skin-nerve preparations on one side and cultured neurons on the other.
Ideally, one would like to selectively inactivate a protein under study, but few pharmacological tools are sufficiently specific. Disabling a specific protein through gene disruption still allows for uncertainty in assigning a protein's normal function, as compensatory changes occur during animal development. Even complete mRNA disruption by siRNA (rarely possible in mammalian cells) is sufficiently slow to allow for compensatory changes to occur. Isolation and culturing neurons from the treated mice adds an additional layer of complexity.
control over all environmental variables affecting the skin. For example, there is no method to control the effective concentration of exogenous chemicals at the receptive site in nociceptive chemosensitivity studies. Furthermore, some routes of administration (injection, pricking and blister induction) result in skin damage that may alter nociceptor sensitivity. Even arterial injection of agents close to the site depends on circulatory regulation, and many substances are highly vasoactive (bradykinin, histamine and acetylcholine) and thus influence their own distribution.
The first in vitro preparations of sensory nerves and their attached skin appeared in the late 1950s and were developed in frog, toad, salamander and leech for the study of mechanoreceptors [25] [26] [27] [28] [29] . Mammalian models are more difficult. For studies of visceral nociception, rabbit pleura-phrenic nerve 30 , dog testisspermatic nerve 31 , rodent muscle-nerve [32] [33] [34] and rat and guinea pig esophagus-vagal nerve 35, 36 , models have been developed in vitro. The last model combines the single-fiber recording technique, with the distinct distribution pattern of nerve endings in the rat esophagus and provided functional insight into signal processing within mucosal sensory terminals of the vagus nerve. In the only cutaneous model, the isolated perfused rabbit ear-auricular nerve preparation, receptor responsiveness appears to degenerate 4 h after isolation 37, 38 . The more robust in vitro cornea-ciliary nerve preparation, which has provided insight into impulse generation in nerve terminals, especially in response to cold stimulation, is restricted to guinea pig [39] [40] [41] [42] [43] . A recently described ex vivo somatosensory system from Koerber et al. 11, 44, 45 allows the combination of functional and morphological studies of the primary sensory neuron. In this model, intracellular recordings in response to natural stimulation of the skin can be associated with morphological information, such as neuropeptide content and laminar projection of the respective neuron in the spinal cord; whereas thermal and mechanical stimulation is performed precisely to the intact epidermal side of the respective cutaneous receptive fields, chemical stimulation is limited by the transepidermal diffusion barrier.
A versatile model for studying the primary sensory neuron responses in the mouse skin is the saphenous skin-nerve preparation 46 . It enables extracellular recording of propagated action potentials from the receptive fields of single sensory nerve endings in the skin. Responses are comparable with those obtained in vivo in the same species of rodent 47, 48 . One particular advantage is that the preparation of the skin is fast to isolate and can be kept for many hours under superfusion, and a considerable number of recordings (up to ten or more, depending on the experience of the experimenter) can be obtained from one mouse (i.e., two preparations). In addition, compounds are applied directly to the corium at a known concentration, which allows tight control of the concentration of chemicals and avoids diffusion barriers. In general, even very large water-soluble molecules, such as the peptide CGRP (3,790 g mol À1 ), and also the smaller alkaloid TTX (319 g mol À1 ) show effect in the terminal nerve endings in less than 5 min in the rat and less than 2 min in the mouse (with much thinner skin) 15, 49 . The hydrophobic molecules, mustard oil (allyl isothocyanate, 99 g mol À1 ) and capsaicin (306 g mol À1 ) and also menthol (156 g mol À1 ), often show immediate excitatory effects or require less than 2 min to reach their target. Therefore, this preparation has been used for pharmacological studies of a wide variety of proalgesic and analgesic compounds on nociceptive nerve endings [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . In addition, the saphenous skin-nerve preparation is particularly valuable for larger sampling studies and, in combination with intracellular recordings from DRGs, it can provide valuable information about the function of distinct ion channels in their physiological context. It takes advantage of the uniform genetic background of inbred mice and genetically altered mice to evaluate the influence of single proteins or genes on the sensory transduction process, and on action potential electrogenesis and propagation 15, 49, 59 . The basic setup can also be used to investigate the effects of inflammatory conditions 60 and primary afferent aspects of neuropathic pain 61 . A major limitation of the preparation, however, is that a lot of patience and time is required to find and record from single units. Each fiber has to be identified as a single fiber, whereas with patch clamp recordings, cells are usually plated or cultured as single cells and can be recorded immediately. Therefore, the time frame for beginners to learn the technique may well be several months.
Organization of the protocol
This protocol focuses on the establishment of an in vitro extracellular recording station to be used for split-fiber preparations. It shows the anatomical context of the saphenous nerve innervation territory and describes how the saphenous skin-nerve preparation is performed in adult mice. Major importance is attached to procedures for discriminating and recording single unmyelinated C-fibers in multifiber strands (C-fibers are grouped in Remak bundles that cannot be separated by further splitting). Several techniques are described that are used for the identification of a single unmyelinated C-fiber and its receptive area in the skin within a thin multifiber strand that is placed on the recording electrode. The marking technique uses the analysis of post-excitatory changes of the conduction velocity. By combining electrical and natural (mechanical, chemical, heat, cold) stimulation, interference of action potentials from other receptive fields and C-fibers that are within the same multifiber strand can be recognized. This technique uses the activity-dependent slowing of action potential propagation, which appears as increased latency between electrical stimulation and arrival of the action potential at the recording electrode, to make sure that the recording is gained from one single fiber. Other techniques, such as analysis of the interspike interval and the spike shape, are pointed out and shown in ANTICIPATED RESULTS. In addition, issues of data acquisition and other aspects that are relevant for extracellular electrophysiological recordings are discussed in Box 1. Typical characteristics of responses of single fibers to natural (temperature) and electrical stimulation are pointed out in ANTICIPATED RESULTS.
. Sodium . Column: for gassing the extracellular fluid, custom designed (from transparent inert plastic material, height B120 cm, diameter B4 cm, wall B3 mm), connected to the container with extracellular fluid. The column is needed to build up hydrostatic pressure for the superfusion of the preparation . Filtering candle: Winzer, Laboratory Glassware, 97866 Wertheim, Germany (cat. no. 23-076-14, product specification ''Porosity 4''), to be connected to the carbogen gassed through tubing and immersed in the extracellular fluid in the column . Flow regulation: Fluid flow is best regulated through a drop chamber of an infusion system (i.v. extension set; dial-a-flo, Abbott)
. Fiberoptic light source (e.g., Leica, Fiber-Lite)
. Tubings, connectors: Tygon Tubing (Tygon R-3603 Laboratory Tubing) of different diameters and connectors of different sizes (e.g., Fisher Scientific) are required for perfusion of the recording chamber. Suggested tubing sizes are as follows: ID 4.8 mm (3/16 inch) and OD 7.9 mm (5/16 inch); ID 6.4 mm (1/4 inch) and OD 9.5 mm (3/8 inch); ID 7.9 mm (5/16 inch) and OD 11 mm (7/16 inch); in all sizes, the wall should be Z1.6 mm (1/16 inch).
. Heat exchanger from glass: to prewarm solution before it enters the organ bath (e.g., Radnoti Glass Technology)
. Heated circulator: controls the temperature of the heat exchanger (e.g., VWR, Pharmacia Biotech)
. Refrigerated circulator: optional, required for cold stimulation (e.g., VWR, Pharmacia Biotech)
. Amplifier: the ISO-80 is an insulated low-noise AC-coupled differential amplifier with high-and low-pass filters (World Precision Instruments) A disadvantage is the long cable connection (1 m) between the preparation and the signal input; an alternative is the DP-301 (Warner instruments) m CRITICAL A second-stage amplifier should be equipped with a Vernier adjustment, a Noise Cut (anti-noise filter that cuts out inevitable resistive noise) and a Notch filter (a band-pass filter centered on 60 Hz that eliminates 60-Hz cycles).
. A set of custom-designed amplifiers: frequency range 100-2 kHz; voltage gain: pre-amplifier 100, main amplifier 0-5,000, signal line outlet and Noise Cut audio outlet; integrated impulse generator including trigger outlet with adjustable stimulus width and repetition frequency to control an external stimulus isolator. The preamplifier is provided by an ultra low-noise isolation amplifier (intronics IA297, Edwardsville, KS, USA) with 
BOX 1 | RECORDING EXTRACELLULARLY AND DATA ACQUISITION SOLUTIONS
Extracellular recordings Extracellular recordings of single nerve fiber activity are the least invasive electrophysiological methods. With a pair of gold wire electrodes, a recording electrode and a signal reference, the potential difference between one point along the length of the nerve (which is a bundle of several axons) and the grounded extracellular milieu are measured. Extracellular potentials are in the mV range, requiring an overall gain of B10 5 . In practice, this requires two stage of amplification: an AC-coupled differential preamplifier to eliminate offsets is connected in series with a second single-ended 10 4 -gain amplifier band pass filtered between 100 and 1,000 Hz. As the signal is variable in the range of mV, the actual gain for this sort of extracellular recording varies from 50 to 500 K. For myelinated A-fibers, gains are 10-100 K, whereas 100-500 K gains are needed for C-fiber activity. The signal is monitored on an amplified loudspeaker and an oscilloscope. Figure 1 shows the circuit. The output signal of the amplifier is filtered and recorded using commercially available software systems.
Data acquisition
A large range of digital acquisition cards are commercially available. For nerve extracellular recordings, sampling rates are o20 kHz. Spike 2 (Cambridge Electronic Design) and DAPSYS (John Hopkins University) are two systems that differ principally in their method of data acquisition. Although both systems allow open-channel recording for a period limited only by available disc space memory, the DAPSYS system can collect variable-length, threshold-triggered events. The Spike 2 system offers both template-matching and Principal Component Analysis as methods for discriminating spikes, whereas DAPSYS has implemented digital versions of the analog window discriminator.
(A) DAPSYS data acquisition system (http://www.dapsys.net; Brian Turnquist, turnquist@bethel.edu). Using the Dapsys data acquisition system, the output of the amplifier is sampled at 33 KHz and filtered. This system uses a standard PC-running Windows XP for the user-interface and a Microstar DAP5200 data acquisition processing board installed into a PCI slot. The DAP board uses an AMD K6-III+ processor and runs a real-time operating system and includes custom software for data acquisition, filtering and stimulator control. Analog inputs and analog control outputs are ±10 V. Threshold-triggering and window discrimination of the analog signal provide an initial classification of action potentials. Most conveniently, each action potential is assigned an ID and a timestamp. In addition, selected clusters of action potentials can be copied in subfilters and filtered manually. Correlation with digital triggers is also possible along with waterfall displays and automated latency measurement (Fig. 2) . The data is analyzed offline using the Dapsys software package that provides a template-matching procedure for automatic spike discrimination 80, 81 . All data can be exported into Microsoft Excel and further analyzed.
(B) Spike 2 from Cambridge Electronic Design (http://www.ced.co.uk). In conjunction with the CED micro1401 AD card, the CED Spike2 system allows control of multiple I/O analog and digital channels. The working input range of analog input channels is ±5 Volts. Systems can be cascaded and linked through a master clock offering large-scale acquisition possibilities. The most powerful aspect of this system is the C-like scripting capabilities that allow custom features to be realized with basic coding skills. These include possibilities for feedback control through board, serial or parallel ports, fuzzy-logic control as well as online decision-making. For nerve activity, both real-time and post hoc analysis are available. Similar to the DAPSYS system, initial spike detection is based on threshold crossing and subsequent template matching over a defined time domain. Figure 3 illustrates a typical offline analysis in Spike 2. . Metal microelectrodes: can be custom made or purchased, e.g., from
Frederick Haer. According to the requirements of the experiment they have high (e.g., 9-12 MO, cat. no. UEWSHGSELN2M) or low (e.g., 50-100 kO cat. no. UEXMHGSEAN2M) impedance. Materials are epoxy-insulated steel or tungsten m CRITICAL High-impedance electrodes are suitable for excitability measurements and require precise positioning, whereas lowimpedance microelectrodes are used when current or voltage is used as the search stimulus (instead of a mechanical stimulus) and needs to spread widely.
. Custom-designed rings: aluminum, stainless steel, Delrin, glass . Petroleum jelly (vaselina alba): used to line the bottom edge of the ring to make a watertight connection between the ring and the skin . Set of von Frey hairs: either as calibrated monofilaments (e.g., http:// www.touch-test.com/home.htm) or as gravity-driven von Frey hairs (both sets can be acquired from the workshop of the Department of Physiology, University of Erlangen-Nuremberg, through Peter Reeh) m CRITICAL The tips of commercial von Frey hairs should be of uniform diameter (e.g., 0.8 mm) and blunted using nail varnish to avoid falsely low thresholds produced by the sharp edges of the hairs. Our sets consist of 18 hairs that are calibrated from 1 to 362 mN in a geometric series
. Figure 1 | The experimental setup: schematic representation of data capture. A pair of recording electrodes feed the signal into an AC-coupled differential preamplifier that is connected in series with a second single-ended 10 4 -gain amplifier and a band-pass filter (between 100 and 1,000 Hz). The signal is fed to audio speakers and oscilloscope and processed through a DAP board, where the action potentials above set amplitudes are discriminated and fed into the computer. Electrical stimulation can be administered to receptive fields in the skin through a set of stimulation electrodes connected to an electrical stimulator. EQUIPMENT SETUP Recording chamber Chamber consisting of two compartments, an organ bath for superfusion and oxygenation of the skin flap, and an adjacent recording chamber where single-fiber activity is recorded from nerve filaments. The recording chamber is equipped with one pair of recording gold wire electrodes and one grounding electrode. The electrodes are connected through shielded cable connections to the differential amplifier. The pair of recording electrodes is best installed in closest proximity to the recording chamber. The recording chamber contains a small socket of 5-mm height on top of which a mirror glass is glued. The main chamber is 4 mm deeper than the recording chamber to leave space for a 4-mm-deep transparent silicon rubber bottom (Sylgard). Both compartments are separated by a 1-mm-thick acrylic sheet with two holes at the bottom (of 1.5-2 mm diameter). The holes are required to allow for exchange of aqueous fluid between both compartments. One hole is located close to the mirror and is needed to thread the nerve through. The distance between the mirror and the acrylic sheet is usually 1.5-2 mm. A custom-designed Delrin chamber (adapted for use with either mouse or rat preparations) is commercially available from the workshop of the Department of Physiology, University of Erlangen-Nuremberg, through Peter Reeh. m CRITICALThe springy gold wire recording electrodes in the recording chamber are best adjusted for position with a micromanipulator (Little Giant Series, U-1C, Narishige) and a customdesigned holder, e.g., from a thin glass rod (0.3 mm diameter).
Mirror Cut mirror glass into small pieces (8 mm Â 10 mm) and glue on top of the socket in the recording chamber (e.g., using silicon rubber glue). The reflective surface of the mirror is the efficient base for teasing fibers apart. m CRITICAL With respect to the limited length of the mouse saphenous nerve, it is convenient to fix the mirror close to the barrier, which separates the recording chamber from the organ bath (ideally approximately 3-4 mm threading the nerve through the hole (e.g., 3-4 mm distance to the barrier for the right edge facing the hole and 2-3 mm for the left edge). Insect needles Insect needles are used to pin the skin to the silicon bottom of the chamber. Needles should be stainless steel to avoid corrosion by the physiological buffer (Minutien Pins (insect pins)). The needles are bent to a right angle, and shortened with fine pliers. m CRITICAL The sharp end must be no longer than the depth of the Sylgard chamber. Synthetic gauze material Synthetic gauze material is placed in the inlet of the chamber to laminarize the fluid flow.
Silicone elastomer Sylgard 184, a two-component silicone elastomer, forms the bottom of the chamber and should be replaced every 3-6 months due to increasing porosity. Electrodes Solder the end of a fine gold wire (diameter 0.15 mm, B5 cm long) into a 1-mm male gold connector pin (Multi-Contact) and cover the top ends with thermoplastic shrink tubing to reduce the surface for electric contact and to conserve the soldering point where the wire can easily break (Fig. 4a) . The chamber contains in-built female 1-mm gold connectors that form the connection to the amplifier and the stimulus isolator. m CRITICAL Although platinum polarizes least, gold wire is superior because it is easier to solder, more convenient to bend and less springy. Silver oxidizes and sulphatizes. Glass rods Glass rods with different custom-designed tips (e.g., Moretti glass rods, 0.5 cm diameter, length at least 30 cm). The rod is heated and bent to form a blunt tip, the final length of the shaft should be around 12-15 cm (see Fig. 4b ). Binocular Mount a binocular microscope above the recording chamber with a stable, custom-designed pivot-mounted arm. The working distance should be at least 8-15 cm with 40Â magnification (e.g., Olympus SZ40). Two 3-way micromanipulators with magnet base For example, Narishige, FST, WPI; one micromanipulator is required for precise electrostimulation: fasten the microelectrode in a holder and attach it to the micromanipulator, then establish connections to the stimulus isolator. The second micromanipulator is used to hold and move the fluid application system, which is described in Box 2. Fluid circulation system A sketch of the experimental setup is provided in Figure 5 . The recording chamber for skin-nerve superfusion and recording should be perfused by extracellular solution saturated with carbogen (95% O 2 , 5% CO 2 ) 62 . Prewarm the fluid with a pump-driven heat-exchanger to maintain a temperature of 30-32 1C. Use Tygon tubing to realize the fluid circulation.
Integrate the heat exchanger (connected to the thermostat) and a column that is required to saturate the extracellular fluid in the circuit with gas. To gas the synthetic interstitial fluid (SIF), use a filtering candle and connect through an intermediary pressure valve to the gas cylinder containing carbogen. System for thermal and chemical stimulation of isolated receptive fields See Box 2.
PROCEDURE
Surgical procedure TIMING 20-25 min for each preparation 1| Asphyxiate the mouse in CO 2 ; remove the fur from both hindpaws up to the inguinal region using an electric razor. Remove excess hair from the mouse with vacuum suction, or with a tissue cloth soaked in water. m CRITICAL STEP Remove as much hair as possible; this makes immersion of the skin preparation into the organ bath easier.
2| Use double-sided sticky tape to fix the plantar side of the paw with the tape to the wedge. Stretch the skin, and then make a circular incision at approximately 1-2 mm above the knee joint. The skin distal to the incision will form the skin part of the skin-nerve preparation (see Fig. 6 ).
3|
To expose the saphenous nerve, make two parallel incisions, laterally and medially from the knee toward the inguinal ligament. Remove the skin to make the saphenous nerve visible on its entire length up to the inguinal ligament (Fig. 7a) .
Rinse the nerve and the exposed muscle with SIF from a syringe frequently. m CRITICAL STEP Keep the exposed part of the nerve wet with physiological saline at all times during the preparation.
4| Separate the saphenous nerve from the connective tissue by using a pair of sharpened forceps. Detach the nerve from the saphenous vessels running side by side with the nerve (as shown in Fig. 7a ). Remove the connective tissue from the nerve carefully millimeter by millimeter from distal to proximal until you reach the inguinal ligament (Fig. 7b) . m CRITICAL STEP Never pinch the nerve but the epi-/perineurium. A pinched segment is transparent and usually does not recover. ? TROUBLESHOOTING 5| Above the inguinal ligament, search the stem of the femoral nerve that is embedded in the superficial muscle layer. This is a thick bundle, and it contains the fibers of the saphenous nerve. Lift the whole bundle (place the tip of the forceps underneath) to pull a short piece of surgical silk underneath it. Make a knot around the nerve with the surgical silk. Cut the whole nerve proximal to the knot, using the pair of spring scissors (Fig. 7b) . m CRITICAL STEP By including the stem of the femoral nerve above the inguinal ligament (the saphenous nerve fibers run within the femoral nerve), extra length can be gained that will be required later during the recording (especially in mouse). The saphenous nerve is included in the femoral nerve as a thinner separate bundle. Fibers from the femoral nerve can be removed easily while setting up the experiment (see Step 17) .
6| Cut the inguinal ligament and lift the end of the nerve with the forceps. Cut the side branches of the nerve that innervate the muscles (Fig. 7b) . Remove all remaining adhesions with the pair of spring scissors and/or the forceps until the nerve is free of any adhesions to the accompanying vessels and muscle. m CRITICAL STEP Do not stretch the nerve, as it leads to tearing of the axons. Exposure to air should be as short as possible. 
BOX 2 | ASSEMBLY OF SYSTEM FOR THERMAL AND CHEMICAL STIMULATION OF ISOLATED RECEPTIVE FIELDS (1-2 D)
Special materials:
Steel cannula: afferent: OD B1.1 mm, ID B0.5 mm, length tail/ length tip B15 cm/B2 cm, efferent OD B1.5 mm, ID B0.9 mm, length tail/length tip B24 cm/B1.5 cm (SWS-Edelstahl GmbH, Emmingen, Germany)
Tubing pump: the Reglo Digital from Ismatec is a compact multichannel microprocessor-controlled dispensing pump that can be remote-controlled through an RS232 interface. We recommend using tubing with a diameter of 1.85 mm for the afferent channel and 2.29 mm for the efferent channel Bracket: custom designed, e.g., from brass The system allows to superfuse the cutaneous receptive fields, isolated by a steel cylinder, with heated or cooled physiological solution containing, or not, conditioning chemicals. It runs in push-pull mode whereby the longer cannula (Fig. 11a) is afferent and the shorter one is efferent, defining the fluid level inside the ring and connected to slightly greater diameter tubing (of the roller pump). The afferent tubing is jacketed over a stretch of B1 m, running inside a larger tubing that comes from one of two thermostatic pumps and ends in a V-shaped customwelded metal pipe (Fig. 11b) , the other leg returning to the thermostat. One of the thermostats is adjusted to a prewarming temperature of 30 1C for heat stimulation, the other one to ice-cold 0 1C for cold stimulation; manually controlled valves allow one to switch between the thermostats that perfuse the jacketing tubing and pipe. The afferent core tubing connects to a steel cannula that passes the V pipe and extends toward the outlet being wrapped with a resistive heating wire for adjustment of the final superfusion temperature.
Altering the tips of the application system (Fig. 11a ) Cut the two steel cannulas to the required length. File away the kinked ends. Bend the two cannulas at one side to a right angle to form the application tip required for the perfusion of the metal ring around the receptive field. The cannula must not be kinked (use a curved metal pipe to achieve a smooth bend). At the bent top end, the afferent cannula should be slightly longer than the efferent cannula (i.e., 3-5 mm, Fig. 11a ).
Installing the resistive wire for heating Line the afferent cannula with Arctic Silver, a two-component thermal adhesive (allow to dry). Coil the resistive wire around the afferent cannula over a length of B14 cm, starting from the top end behind the bend (280-300 winds). Solder the ends of the wire to cables and insulate the connections with thermoplastic shrinking tubes. Connect the cable ends to banana plugs for the power supply. Attach both cannulas side by side using tape or shrink tubing. Connect the afferent and efferent cannulas through silicon tubing to the tubing pump. Applying current to the resistive wire heats the solution pumped through the cannula. Computer control of the power supply allows design of ramp-or step-shaped heat stimuli (Fig. 11c) . The stimulus temperature can be recorded by attaching a thermocouple to the tip of the afferent cannula (see also Fig. 11 ). The system can also be used effectively for Ca 2+ imaging 84 .
7| Leave the nerve loosely convoluted and covered with a piece of lint-free absorbent (e.g., KimWipes) soaked with SIF (Fig. 7c) .
8| Skin flap preparation of the forefoot and the calf: using the scalpel, make a circular cut at the border of hairy and glaborous skin around the forefoot (Fig. 7d) . This cut reaches from the insertion of the Achilles tendon at the calcaneus to the lateral edge of the foot, goes over the middle phalanges of the toes and reaches around the medial edge of the foot back to the heel where it started from. This incision should confine a skin flap including the whole hairy skin of the back of the forefoot and exluding glabrous skin. Bisect the skin on the back of the calf with a straight incision, starting from the insertion of the Achilles tendon up to the popliteal fossa (Fig. 7e) . The saphenous nerve should be located about equidistant to each side of this incision. As a result, the nerve will be running in the middle of the preparation (see inset in Fig. 6 ). Then, separate the hairy skin subcutaneously from the tendons starting from the toes backward to the ankle by lifting the free margin with a forceps and pulling it slowly backward; use the second forceps or scissors to remove adhesions (Fig. 7f) . m CRITICAL STEP Verify that the branches of the saphenous nerve are present and intact as pointed out in Figure 7f . No tendons adhere to the skin flap.
9| Continuing with the free medial margin of the skin, separate it from the underlying muscle toward the saphenous nerve. On its descent to the ankle, the saphenous nerve closely follows the medial tibial border (compare Fig. 7g with Fig. 6 ). m CRITICAL STEP The saphenous nerve runs in a slightly curved route on the medial malleolus. It is easy to accidentally injure the nerve, denervating all receptive fields in the entire distal skin flap.
10| Continue with the lateral free margin of the skin. m CRITICAL STEP Make sure to remove muscle eventually attached to the nerve. Thick chunks of muscle cannot survive under superfusion and release potassium, which leads to a depolarizing conduction block. The saphenous skin-nerve preparation includes the skin of the lower hind limb of the mouse with the saphenous nerve in continuity. The saphenous nerve is a terminal sensory branch of the femoral nerve, arising from the third lumbar root. At the level of the thigh (not shown), the saphenous nerve separates from the femoral nerve in the femoral triangle and descends on the lateral side of the femoral vessels to enter the adductor canal. It crosses the vessels obliquely to lie on their medial side, passes down in front of the lower end of the adductor magnus muscle and on the medial side of the leg. Lower leg: the saphenous nerve supplies the skin of the medial side and front of the knee. It is accompanied by the saphenous vessels and closely follows the medial tibial border to the level of the ankle innervating large parts of the lower leg. At the ankle, it passes anterior to the medial malleolus to innervate skin on the medial and dorsal aspects of the foot. Note that in some cases the saphenous nerve splits into two branches at the knee. Color code: blue: venous vessels, red: arterial vessels, yellow: saphenous nerve. Inset: The drawing shows a sketch of a preparation from the right leg and the innervation territory supplied by the saphenous nerve (yellow) and the superficial peroneal nerve (grey). The territory innervated by the saphenous nerve includes the medial side of the leg and the medial side of the foot.
11| Place the whole skin flap with the saphenous nerve in a pregassed SIF-filled beaker. Close the beaker with parafilm and keep it cold. m CRITICAL STEP The whole dermis, including the nerve, must be in contact with fluid. ' PAUSE POINT The preparation can be kept for up to 8 h at 4 1C.
Setting up the experiment TIMING 15-20 min 12| Place a small amount of synthetic wool in the inlet funnel of the chamber and let the chamber fill with gassed prewarmed SIF. Adjust the flow at a rate of 180 ml h À1 .
13| Mount the preparation in the organ bath chamber by tightly piercing with insect needles through the very edges of the skin into the silicon rubber. Slightly stretch the skin. The epidermis faces the bottom of the chamber, exposing the corium (dermis) to the extracellular solution and allowing access to receptive fields (Fig. 8a) . 14| Thread the end of the nerve (free length 25-35 mm for rats; 15-20 mm for mice) through the (B2 mm) hole into the adjacent recording chamber and place it on the surface of the mirror. m CRITICAL STEP Do not touch or strain the nerve with the forceps, rather use the end of the surgical silk knotted around the cut end to move the nerve. ? TROUBLESHOOTING 15| Apply paraffin oil of low viscosity on top of the aqueous solution in the recording chamber.
Establishing stable recording conditions TIMING 1-10 min 16| Adjust the interface of the two liquids to just at the mirror so that the mirror is mostly free of aqueous fluid (a thin layer is inevitable, but there should be no floating of the nerve; compare schematic in Figs. 5 and 8b) . If necessary, immerse a pair of forceps in the liquid to visualize the height of the liquid interface. m CRITICAL STEP Stable recording conditions are established when the recording electrode is positioned in the oil above the mirror and the reference electrode is dipped in the aqueous solution below the mirror. The aqueous solution is grounded through a separate electrode. It is crucial to ensure that the aqueous solution on the surface of the mirror is minimized. A small amount of aqueous solution surrounds the nerve and facilitates separation of the fibers. Importantly, the action potentials are bigger, the closer to the nerve stem the teased filament is contacting the electrode. Care has to be taken that there is no short-circuiting through an eventual drop of aqueous fluid in the angle between filament and nerve or mirror surface.
? TROUBLESHOOTING 17| Using the spring scissors, cut off the silk knot from the nerve stem and, with the pair of forceps, remove the bundle of axons that belong to the dead end of the femoral nerve trunk. If necessary, cut the saphenous nerve trunk again with the spring scissor. Pull off the thin sheath (epi-/perineurium) of the saphenous nerve trunk (like a stocking; arrow tip in Fig. 8c ) over 2 mm and place the whole, desheathed end of the nerve on the recording electrode.
? TROUBLESHOOTING 18| Switch on the amplifier and test the innervation of the skin and the signal-to-noise ratio of the recording. Apply light pressure with a blunt glass rod to the skin, going from proximal to distal. Masses of Ab-or Ad-fiber discharge (myelinated nerve fibers in somatic nerves, conducting nerve impulses at a rate of 1.6-12 m s À1 (Ad) and 416 m s À1 (Ab)) should be visible and audible at a gain of less than 500,000.
? TROUBLESHOOTING Obtaining a single-fiber recording TIMING Limited by luck and patience: 5 min to several hours 19| To investigate the response properties of a single-fiber terminal, a single-fiber receptive field must be identified: begin with teasing a strand of about one-fifth of the whole nerve out of its desheathed end. Subdivide it further into two or three smaller filaments of which one is placed on the electrode (Fig. 8c) . m CRITICAL STEP Several pairs of sharpened watchmaker forceps are helpful. Forceps must be kept sharp (using grindstone and sandpaper) as blunt forceps hinder precise filament teasing, and the mirror must be changed occasionally (sharp forceps scratch the smooth surface of the mirror). m CRITICAL STEP Always keep the recording electrode clean, for example, by wiping it with a Q-tip dipped in alcohol. Dried nerve material coating the electrode makes it too sticky and tears the filaments when they are removed from the electrode. m CRITICAL STEP Precise insertion of a microelectrode (stem electrode) in the trunk of the nerve where it enters the recording compartment can also be undertaken at this stage and constitutes an accessory tool, especially for beginners. The 'stem electrode' allows, during the whole nerve recording, the identification of the electrical threshold of the C-fiber (unmyelinated nerve fibers, conducting nerve impulses at a velocity of 0.2-1.2 m s À1 ) compound action potential and can ease the identification of a single fiber later on during the experiment because it allows the determination of the number of fibers present in a teased filament. This technique is particularly helpful for recordings in the rat where the whole nerve is thicker and less fragile than in the mouse.
20| Subdivide filaments until the discharge evoked by stimulating the skin with a glass rod results from only a few separate or overlapping mechanosensitive receptive areas. m CRITICAL STEP Subdivision of filaments should lead to increased signal-to-noise ratio and a reduction in the required gain.
21| At this point, there are several different techniques that can be used or combined to reduce the multifiber recording to a functional single-fiber recording: by manipulating the gain (option A), by action potential shape discrimination (option B), by distance (option C) or by further subdivision (option D).
(A) Obtaining a single-fiber recording by manipulating the gain (i) Subtle regulation of the amplifier gain allows one to dispose of smaller spikes that vanish in the background noise; taller spikes from a single fiber can be followed, especially when recording not only from large amplitude Ab-or Ad-fibers, but also from C-fibers. This principle is shown in Figure 9 . Marking protocol for verification of single C-fibers within a multifiber strand TIMING o5 min for each test 22| Insert a microelectrode in the receptive field (at the spot of greatest mechanosensitivity). The electrode is positioned using a micromanipulator. Using a stimulus isolator, determine the latency of the C-fiber (for mouse nerves, the latency usually ranges between 30 and 100 ms). Then, track the latency of the propagated action potential with repetitive pulses of at least twice the electrical threshold and at a constant interval of 2 s or more (Fig. 10, traces 1-2 ). The action potential should appear at the same latency in subsequent traces.
23| Using a blunt glass rod, evoke a burst of action potentials by stimulating the mechanosensitivity of the receptive field in proximity to the microelectrode without touching the microelectrode. A typical result is shown in Figure 10 , trace 3-5, where green waveforms represent mechanically evoked action potentials. In response to mechanical stimulation, the latency of the electrically evoked action potentials is increased (red waveforms in traces 3-5 of Fig. 10 ).
24|
Observe that the electrically evoked action potential travels back to its initial latency value (compare the dotted line in Fig. 10 and traces 6-8, see examples in ANTICIPATED RESULTS).
Characterization of identified single receptive fields by classification of fiber type TIMING 15-20 min
25| Determine the latency of the identified action potential so that conduction velocity can be calculated (cv ¼ distance of receptive field from recording electrode in mm divided by latency in ms): Electrically stimulate the mechanically identified single C-or A-fibers inside their receptive fields, then remove the microelectrode.
26|
Test the threshold to mechanical stimulation with a set of von Frey monofilaments.
27|
Before starting further recording (data capture), adjust the gain: the whole action potential waveform should be well resolved on the oscilloscope or computer screen. m CRITICAL STEP There should be no clipping. This is necessary to recognize possible contamination of responses by a second , the number and waveform of potentially contaminating excitable nerve fibers (afferent and efferent) can be determined at a spot where a receptive field of an identified single-fiber had been located. At large, each waveform in the sweep corresponds to one axon close to the site of stimulation, and only one, usually the tallest, is of interest. In this case, mere reduction of the gain would suffice to achieve a functional single-fiber recording, even in the presence of the other fibers. Smaller waveforms would disappear in the background noise yielding a functional single-fiber recording on the basis of the largest C-fiber waveform. fiber (see ANTICIPATED RESULTS). In long-lasting recordings, readjustment of the gain may be necessary throughout the experiment because of rundown of the action potential amplitude.
28| Test all identified single receptive fields by the following three routine procedures to subclassify the fibers according to their thermosensitive properties: option A for heat stimulation through superperfusion at the corium side, option B for heat stimulation through epidermal radiant heat and option C for cold stimulation.
(A) Heat stimulation: through superperfusion at the corium side (i) To assess C-fiber heat sensitivity, isolate the receptive field from the surrounding extracellular bath solution by using a metal ring. Line the bottom wall of the ring with petroleum jelly to make the isolation watertight and place it on the receptive field. (ii) Evacuate the fluid with a pipette (compare Fig. 8a ).
(iii) Use the superperfusion temperature control system, as described in Box 2 and shown in Figure 11 , to apply heat. (B) Heat stimulation: through epidermal radiant heat, feedback controlled (i) To assess C-fiber heat sensitivity, isolate the receptive field from the surrounding extracellular bath solution by using a metal ring. Line the bottom wall of the ring with petroleum jelly to make the isolation watertight and place it on the receptive field. (ii) Evacuate the fluid with a pipette and place a miniature thermocouple in the receptive field touching the corium (be careful not to evoke mechanostimulation of the receptive field with the tip of the thermocouple). (iii) Direct a parabolic halogen lamp's light (in focus distance) through the translucent bottom of the organ bath. m CRITICAL STEP To avoid overheating of the epidermal side, the fluid within the ring must be evacuated before heat stimulation! (C) Cold stimulation (i) To assess sensitivity to cold, superfuse the corium side of the skin with cold extracellular solution. Box 2 shows how this can be realized. Table 1 .
29| Classify the fiber according to the obtained responses from Steps 25, 26 and 28; the classification is listed in
Testing the effects of chemicals on single receptive fields of nerve endings TIMING Variable 30| As soon as you have successfully classified the single fiber, you can start the individual protocol, e.g., the application of certain chemicals to the receptive fields of the nerve endings. Depending on the drug, it is usually sufficient to use similar or 10 times higher concentrations in the skin than in patch clamp or calcium imaging conditions. Drugs are usually administered following stable control responses (e.g., superfusion of the skin with extracellular solution and two heat or cold responses of comparable magnitude; the effects of chemicals on mechanosensitvitiy can be tested using a computer controlled mechanostimulator as demonstrated in ref. 63 ). m CRITICAL STEP The most convenient way is to use an application system that allows control of temperature and rate of the applied solution (Box 2 and Fig. 11 ). This bears the advantage that potential sensitizing effects of compounds can be tested simultaneously (e.g., heat-sensitizing effect of capsaicin or cold-sensitizing effect of menthol). m CRITICAL STEP The solvent DMSO should be used with care. Concentrations of 1% and lower excite A-fibers. Ethanol (o0.2%) is a better alternative, although it is known to exert agonist effects on TRPV1 and blocking effects on TRPM8 (see ref. 64 ). Figure 11 | The parts of an application system for thermostatic control. (a) Two steel tubes are mounted side by side and serve for push-pull superfusion. Both are bent to a right angle to form the nozzle. Note that at the end, the afferent tube is slightly longer than the efferent one. The afferent tube is wrapped with a resistive wire. To heat the solution flowing through the tube, current is applied through the resistive wire. The longer of the tubes is connected to the outlet of the mantle pipe and bracket (shown in b), whereas the shorter one serves to evacuate the fluid from the cylinder. Both are connected to the roller pump. Inset: shows a receptive field, which is isolated from the surrounding fluid by a cylinder (15 mm OD). The top end of the application system is positioned within the cylinder and the receptive field is superfused with solution (stained with Evans Blue). A thermocouple is attached to the tip of the application system and a needle electrode is positioned within the receptive field. m CRITICAL STEP In hind-paw skin of rodents, the loose corium does not provide a diffusion barrier to chemicals, in contrast to back skin that contains a muscle layer. In particular cases, e.g., when the receptive field is located below a nerve or blood vessel, diffusion may take longer. To our experience, a superfusion of the skin with a compound for 4-5 min is enough to expect acute, heat-or cold-sensitizing effects. Evans Blue can be mixed with the chemical to stain the receptive field allowing treated skin areas to be distinguished from untreated receptive fields (Fig 12) . ? TROUBLESHOOTING Electrical noise Reduction of electrical noise, usually 50/60 cycles per second ('hum') or multiples, is crucial to measuring mV signals. If the two electrode lines entering the differential headstage or preamp were exactly the same, any external noise would be subject to the common mode rejection of the differential amplifier and be eliminated. However, the reference electrode dips into the buffer solution with hardly any contact resistance, whereas the recording electrode contacts a fine single-fiber filament with a considerable resistance. Fortunately, 50/60 cycles noise voltages finally refer to ground and can thus be diverted into the internal ground connection provided by the headstage. Well grounded, the aqueous fluid in the recording and storage chambers of the organ bath turns into a shield against electrical noise. The cables from the electrodes to the headstage should be as short as convenient, shielded and grounded at the headstage. No other ground line must enter this internal ground, and the case of the headstage should not be in metallic contact with anything than the connecting cable to the main amplifier. All electrical devices near the organ bath, in particular those with electromotors (pumps, thermostats, lamps with fan), should be well grounded in a star-like manner to one common ground connector. The same applies to all metallic parts in close vicinity that could act as a hum aerial (binocular, mantled light guides, micromanipulators, table top, radiant heat lamp and so on). Absolutely avoid double grounding ('ground loops'). Thermocouple probes in the organ bath can be a rich source of noise if not well insulated. The experimenter him-or herself should contact a metallic grounded surface when manipulating in the organ bath. If these general rules for mV recording are complied with, remaining, hopefully small, noise can be left to the notch filter ('hum bug') in the main amplifier.
When there is ongoing activity in the preparation
The bathing solution contains bicarbonate as the buffer, and must be gassed with carbogen. Alkalinization of the pH leads to precipitation of Ca 2+ and increased excitability. Solutions should be prepared fresh daily.
When there is no signal Signal transmission issues
The signal reference is not correctly placed: check if the signal reference is in good contact with the grounded aqueous solution. If not, use the chamber gate and the flow control to regulate the height of the oil-water interface. Adjust the interface of both solutions to B1 mm below the mirror. The recording reference electrodes may appear intact but have a high resistance discontinuity where soldered to the plug. Set an Ohmmeter to the lowest resistance scale and check if well conductive. Check also if there is no short-circuit to ground or shield. Check all cable connections involved in signal transmission. Pull ground electrode out of the fluid, and touch recording and ground electrode or their plugs with a forceps. In all cases, maximal noise should occur.
Experimental preparation issues
Inspect the course of the nerve stem with the binocular and remove any surplus tissue (muscle may be transparent because the myoglobin is rapidly washed out under constant superfusion). Damaged and attached muscle fibers leak potassium, which depolarizes the nerve and blocks conduction. Check extracellular solutions. High or sustained low potassium leads to a depolarization block of the nerve. Missing or precipitated calcium increases general excitability, whereas excess calcium decreases general excitability. Check solution osmolarity to detect missing or surplus electrolytes. If the nerve has been desheathed and covered by oil for several hours, it undergoes 'run down'; and should be shortened by the free end and newly desheathed. This procedure often recovers the whole experimental session as if an entirely new preparation was set up. If the nerve appears to be nonconductive, it may have been pinched or damaged during the surgical procedure. Stimulate the nerve stem with the needle electrode (distal to proximal) to locate the conduction block; C-and A-compound action potentials occur at and proximal to the site of rupture (axontmesis).
Problems with filtering algorithms
Commercially available filtering algorithms need to be applied with caution; in reality, they may provide help only in gross sorting if action potential shapes of contaminating axons are clearly different. Indeed, the most frequent problem in teasedfiber preparations is the contamination of the extracellular recording by a second axon that carries a similar shape. In general, filtering algorithms are often not sensitive enough and discrimination by spike shape alone is prone to error. This problem can be approached only by electrostimulation and the marking test (see ANTICIPATED RESULTS, point 2), by logical analysis of the response (see ANTICIPATED RESULTS, point 3) and sometimes by further splitting of a multifiber strand.
ANTICIPATED RESULTS Point 1: The action potential waveform as differentiator
The action potential waveform is an important characteristic of a fiber. As it is used as the differentiator in extracellular recordings, a couple of factors that alter the shape of the waveform should be kept in mind. Determined by the setting of the band-pass filter (in general, 100 Hz to 1-2 kHz), C-fibers appear more triphasic than A-fibers (flattened third phase). A-fibers exhibit faster upstrokes and the amplitude of their narrow waveform is limited by the setting of the low pass filter, whereas the high pass filter (100-500 Hz) mainly affects the C-fibers, the amplitude and predominantly downward deflection of their action potentials (Fig. 13a) . More crucial, however, are changes to the waveform that cannot be influenced by the experimenter and occur during the time course of the experiment. Figure 13b shows that the waveform of the action potential undergoes activity-dependent changes. At high discharge rate, the amplitude of the waveform decreases. The waveform reverts to its initial amplitude as soon as the activity drops. The diagram shows the triphasic action potential waveform of an A-fiber acquired at two different low-frequency cutoffs of the band-pass, 100 Hz to 1 kHz (black waveform) and 500 Hz to 1 kHz (red waveform). Closing the pass band reduces the amplitude of the A-fiber and renders the waveform four phase. The speed of the rising and falling edges is reduced accordingly. C-fibers are much slower in rise and fall of their action potential and would therefore suffer more from the too high cutoff frequency.
(b) Activity-induced changes of the waveform shown in a CMH-fiber. The diagram shows the log-linear increase in (instantaneous) discharge rate in response to ramp-shaped heat stimulation and shows how the action potential waveform changes at high firing rate. Top panel: temperature-time course of the heat stimulus; middle panel: instantaneous frequency plot of the heat response, each dot represents one action potential; bottom panel: contains all action potentials waveforms of the response separated in two templates using a tolerance band multiplier filter set to 1. The black waveforms correspond to the black circles in the frequency plot, whereas the red waveforms correspond to the red circles. At the peak of the heat response when the firing rate exceeds 36 s À1 , the reduction in amplitude of the action potential waveform reaches significance and subsequent waveforms are sorted into a different template on the basis of a standard deviation of ±1 V. With the activity rate dropping, the waveform progressively reverts to its initial shape and action potentials fit into the initial (black) template. (c-d) Interspike interval. The diagram shows that at peak discharge rates, both A-and C-fibers reduce amplitudes but retain the triphasic waveform. (c) Mechanostimulation of an Ad-downhair receptor leads to discharge of action potentials at a rate of up to 350 s À1 , which determines the minimum interspike interval for these fibers to B2.8 ms. Left chart: bursts in response to mechanostimulation (black bars) of an Ad-fiber (cv 5.4 m s À1 , 1 mN). Right chart: magnification of the time frame at peak discharge (red box in left chart); upper trace: instantanteous firing frequency; lower trace: corresponding waveforms. (d) Left chart: cold stimulation of a menthol (500 mM)-sensitized cold receptor (CC-fiber; cv 0.9 m s À1 ) causes discharge of action potentials at a maximum rate of 108 s À1 . The minimum interspike interval of these highest-frequency C-fibers comes to B9 ms. Blue line: temperature-time course integrated in the log scale. Note the dynamic characteristic of the response of CC-fibers; minute temperature changes lead to huge increases in the firing rate (see also Fig. 16b ). Right chart: magnification of the time frame at peak discharge (red box in left chart); upper trace: instantanteous firing frequency; lower trace: corresponding waveforms.
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The important fact is that, in the given example, a common filtering algorithm recognizes two different waveform groups (black and red in Fig. 13b ) when the tolerance band multiplier for the creation of the templates is set to 1 (tolerating a ±1V deviation of each data point within the waveform). Above an instantaneous discharge rate of 36 spikes per second, the amplitude of the waveform is significantly altered, i.e., more than 50% of the data points differ by more than ±1V and are sorted in a different template. A similar reduction in spike amplitude occurs also over time, especially in C-fibers (due to rundown), and sometimes requires adjustment of the gain during the experiment.
Even at high discharge rates, extracellularly recorded single-fiber action potentials maintain a triphasic waveform with individual propositions of upward and downward deflections. This makes the waveform an important distinctive feature to recognize the presence of a second axon in a recording. Even if a second unit in a filament is indistinguishable by waveform from a first one, it may become conspicuous by occasional superimposition or merger of action potentials. Owing to the refractory period (RF), spikes from one and the same fiber could never merge. The interspike interval for a single C-fiber is at least 9-14 ms, whereas it can be as short as 2.5-3 ms in A-fibers. Figure 13c shows this for an Ad-fiber and Figure 13d for a menthol-sensitized cold receptor.
Point 2: Marking tests and latency analysis
Punctate electrostimulation of the skin provides-by means of current spread-insight into the distribution of other axons in the area of the receptive field of one axon from which recordings are to be taken. The time delay (latency) between the electrical stimulus and the arrival of the action potential at the site of the recording electrode are primarily determined by the properties of the individual fiber (presence and thickness of myelin sheath). Injected current forms a concentric gradient around the microelectrode, and the intensity of the decaying current determines where (at what distance to the recording electrode) an axon is stimulated and whether a second (or third) axon is reached by suprathreshold current. This concept is best shown by a target provided in Figure 14a .
Hence, electrostimulation serves not only to detect a mechanically identified single-fiber electrically (and to determine its conduction velocity), but also to detect potential branches of other fibers in the vicinity of the receptive field of interest that may interfere with the recording. In case more than one fiber is excited by the electrical stimulus (Fig. 14b,c) , electrostimulation applied to the receptive field at regular intervals in combination with orthodromic activation of the ending, e.g., by mechanostimulation, allows one to track the time course of post-excitatory latency changes. This is called the marking test. An axon can carry repetitive impulses at intervals greater than the absolute RF. If the interval is greater than the relative RF, the waveform of a consecutive action potential is fully restored and identical to the foregoing one. However, the conduction velocity is reduced and takes several seconds to recover (Fig. 14b) . This 'marking phenomenon' is used to identify the particular electrically evoked spike within a train of others or within a compound waveform (consisting of two or more spikes of the same latency) that can also be evoked by natural stimulation of the receptive field under investigation. If the electrically evoked impulse is not slowed by a naturally evoked burst of action potentials, the spikes must result from two different C-fibers with overlapping receptive fields. In this case, the strength of the electrical stimulus may not suffice to excite both receptive fields; increasing the current strength or changing the position of the electrode may show action potentials from two receptive fields. Taken together only the fiber that-in response to mechanical stimulation-shows increased latency of the electrically evoked action potential and subsequent restitution to the original latency is the activated C-fiber under investigation. Figure 14b ,c show two situations. In Figure 14b , a second axon is present (at 12 ms), but it does not respond to mechanical stimulation. Nonetheless, a single-fiber recording (of the unit at 28 ms marked red) can be tried; however, any response of the fiber to other than mechanical stimuli has to be analyzed with caution because the second unit (marked blue) could contribute and thereby lead to a false magnitude estimate of the response of the originally isolated fiber. More complicated is the setting encountered in Figure 14c . Here the action potentials of two fibers appear at the same latency and are entirely superimposed, i.e., the voltage signals of both action potentials add up and appear as one waveform. The marking test then shows changes in latency in response to natural stimulation in both fibers. Trace 6 shows that the action potentials of both fibers show a similar shape. A recording in this case would not be meaningful, because both fibers are responsive to natural stimulation at the same site. The multifiber strand must be further subdivided or discarded. In this case the recording was from two CC-fibers and the natural stimulus was cold. Both CC-fibers were in the same Remak bundle and separation was impossible.
Point 3: Recognizing an assumed single-fiber recording as multifiber recording
The following example describes a recording where a single-fiber was successfully isolated using the marking test. The response to cold stimulation of this fiber appeared unusually vigorous and non-adapting, conspicuous of at least a second fiber contributing. Therefore more troubleshooting was required to acquire a single-unit response. instantaneous discharge rate (reciprocal value of the interspike interval). (3) In general there are no bursts in mouse CMC-fiber cold responses (in contrast to CC-fibers exposed to prolonged cooling). Figure 15a shows the cold response of the fiber(s) in strip chart representation and as instantaneous discharge rate plot. A close look at the strip chart shows one bar that exceeds the upper and lower 10-V limit of the voltage window, and the corresponding action potential waveform shows clipping. Here, the waveforms of two action potentials are superimposed (the voltages add up in the window). The dot plot shows a burst-like firing pattern with a peak rate up to 256 s À1 . The corresponding waveform shows that two very similar action potentials crossed the trigger level with less than 1-ms time lag, which leads to near-merger of both waveforms. Merger of two waveforms is always due to contamination with a second axon (compare Fig. 13) . Similarly, a burst-like firing pattern at such a discharge rate is suspicious for at least one second axon. Therefore, the next step in this recording attempt should be to remove the metal ring and repeat electrostimulation. Figure 15b shows that the application of a higher voltage to the same receptive field(s) shows a second axon at shorter latency with a virtually identical waveform. Next, one would try to divide the filament into two strands and then to see whether if the two units run in separate bundles. Indeed, in this case, one of the C-fibers could be found in one of the strands, whereas the second one got lost during the teasing procedure. Figure 15c shows the cold response of the remaining unit. Note that now the firing rate does not exceed 8 s À1 , which means that the shortest interspike interval is B120 ms. This recording is consistent with a single fiber recording.
Point 4: C-fibers with ongoing activity at 30-32 1C Ongoing activity at normal bath temperature rarely occurs in 'uninjured' skin-nerve preparations but frequently under pathological conditions, e.g., if the preparation was taken from an inflamed hind paw or after partial nerve injury 65, 66 (see also TROUBLESHOOTING).
Ongoing activity in an apparently uninjured preparation may be related to damaging the nerve during dissection or to cutting through receptive fields at the edge of the skin. In addition, ongoing activity can be induced following electrostimulation with a not perfectly balanced isolation unit releasing miniature but steady DC. This leads to electrolytic damage of the nerve endings.
A frequent cause of ongoing activity at 30-32 1C is (successful) noxious heat stimulation of mechano-heat-sensitive C-fibers (polymodal nociceptors, CMH), up to half of which develop sustained low-frequent irregular discharge after a silent period of 1-2 min following heat stimulation (typically 32-48 1C in 20 s). The mechanism of this activity is unclear but has not to do with major sensitization to heat, as a subsequent heat stimulus after 5 min usually evokes a slightly desensitized response (in mice not rats). This is in contrast to the after-effects of traumatic heat stimulation (60 1C) or to superfusion of receptive fields with bradykinin or low pH (6.1), under which conditions the nociceptive heat threshold drops to or below ambient temperature (22-25 1C) , which readily explains ongoing discharge at bath or body temperature 55, 67, 68 . To show such dramatic sensitizing effects, the receptive field first needs to be cooled to 10-12 1C to stop the ongoing activity; a subsequent heating ramp (e.g., 12-48 1C in 45 s) will then discover the lowered heat threshold and a log-linear increase in firing rate throughout the temperature-encoding ('working' or 'dynamic') range of the particular CMH-fiber 55 .
Mechanosensitive cold-fibers (cold nociceptors, CMC-fibers). In rare cases, mechano-cold-sensitive fibers (CMC) may present with ongoing activity at bath temperature and increasing firing rate upon cooling. Figure 16a shows the case of a CMC-fiber with ongoing activity at bath temperature that reduces its activity when heated or rewarmed after cooling and increases its firing rate when cooled. Application of menthol increases the ongoing activity at 32 1C and strongly sensitizes to cooling. However, CMC-fibers without ongoing activity at bath temperature are much more common (compare point 5) and have their thresholds to cold activation at lower temperatures than the cold receptors (see below).
Mechanoinsensitive cold sensitive fibers (cold receptors, CC-fibers). These have been described in the in vitro guinea pig cornea where their major characteristic is ongoing activity at ambient temperature with burst-like discharge 39, 41, 43 . They have been investigated more extensively in the cat in vivo [69] [70] [71] . Similar fibers also exist in mouse skin, where the thresholds of the majority of units are below bath temperature (25-35 1C) . Upon further cooling, they are activated with log-linearly increasing discharge rates. In contrast to CMC-fibers, they show high peak firing rates, often between 30 and 80 Hz. Figure 16b shows a representative sample recording of a mouse CC-fiber that was also excited and sensitized by menthol, similar to cold receptors in other species 18 . Many of these fibers show 'paradoxical' heat-induced discharge at high temperatures (in bursts and not temperatureencoding, see Fig. 16b, inset) .
Mechanosensitive warm-fibers (CMW-fibers). Warm-sensitive fibers rarely exist in the mouse skin. They are sometimes mechanosensitive in addition and show ongoing activity at 32 1C. They increase their firing rate progressively and reach peak between 37 and 46 1C; after reaching the peak, they inactivate abruptly. Cooling silences them and rewarming brings the activity back, often with an initial overshoot indicating adaptation (Fig. 16c) . Remarkably, the response to warming/heating in this particular fiber was reduced to half by application of menthol, and in the absence of menthol, the warm response recovered to its previous size (not shown). Although these fibers appear polymodal, the fiber subtype probably corresponds to the function of warm fibers in the trigeminal-innervated skin of cat 22 and other species 72 ; mechano-insensitive warm-sensitive fibers are very rare in the saphenous nerve of rodents; however, they show the same discharge pattern in response to thermal stimulation as fibers recorded in vivo in cats and other species 73 .
Point 5: Quantifying thermal responses of polymodal nociceptors and cold nociceptors in mice Classical physiology has provided information about thermosensory specialization among subclasses of peripheral sensory neurons [18] [19] [20] [21] [22] [23] , and in recent years, we have gained insight into the molecular mechanisms by which these cells transduce thermal stimuli and trigger action potentials 10, 59, [74] [75] [76] [77] . Considering that major physiological aspects of sensory transduction are still poorly understood, the skin-nerve preparation can serve as a read-out for the function of distinct ion channels or receptors in the sensory transduction process. The way is to conduct large sampling studies in transgenic mouse strains and to characterize the function of a particular gene product within the system of thermo-and mechanotransduction or action potential electrogenesis 59 .
Well-controlled cold and heat stimuli are sufficient to characterize the thermal responsiveness of sensory nerve fibers. If one wishes to functionally characterize certain subsets of ion channels in the sensory terminals, certain chemicals may be of further help. However, in intact C-fiber endings, chemical compounds are rarely well defined and as specific in action as they appear in heterologous expression systems. An exception surely is TTX, a blocker of TTXs sodium channel subtypes that reliably leaves Nav1.8 as a sole action potential generator in nociceptive terminals. Certain TRP channels that function as transducer channels in the nerve endings, such as TRPM8, can be tested for by using menthol that reliably sensitizes TRPM8-expressing nerve endings to cold. However, many other TRP-channel agonists may have different effects in native nociceptors than in heterologous expression systems. An example is capsaicin, an agonist of TRPV1. Its desensitizing actions predominate, even at threshold concentration, in the skin-nerve preparation over excitatory and heat-sensitizing actions in heterologous expression systems. In contrast, capsazepine, which is a blocker of TRPV1 in heterologous expression systems, has heat-sensitizing and excitatory actions on C-fiber terminals 78 .
As for mechanotransduction, the application of noxious mechanical stimuli can be particularly helpful. Even if threshold excitability (von Frey sensitivity) is not altered in a transgenic mouse strain, a channel of interest could still be relevant for the encoding and transmission of suprathreshold mechanical stimuli (e.g., in the cold) 15 . Figures 17 and 18 show the profile of cold and heat responses across a population of polymodal fibers recorded from adult C57BL6/J mice. Both heat and cold responses have a wide range of temperature thresholds as well as firing patterns. Polymodal nociceptors are typically silent at bath temperature in the absence of stimulation 79 (see Figs. 17c and 18c) , but roughly half of nociceptors develop low-frequent ongoing activity after heat stimulation (n ¼ 16/33; Fig. 17c) . Similarly, both heat-and cold-induced discharges slowly adapt during plateau phases of temperature and when the rate of temperature change is not high enough (Figs. 17a and 18c) . When analyzing the firing pattern of heat responses across a population, the majority (n ¼ 22/33) of the fibers fire less than ten spikes per heat stimulus of 20 s duration, and have thresholds above 40 1C (Fig. 17b,d,e) . When challenged with a step stimulus (45 1C) to test for static discharge, these fibers show more or less complete adaptation (not shown). A relatively small percentage of fibers (o10%), however, have heat thresholds closer to bath temperature, and responses reach high peak firing rates. These fibers typically respond to heat ramps with a steeper log-linear increase of the firing rate, and present with static discharge and slow biphasic adaptation when challenged with a step stimulus (Fig. 17a) . Figure 17g shows that the magnitude of the response correlates inversely with the threshold temperature. Similarly, the peak discharge rate and the magnitude of the response show a functional relationship (Fig. 17f) . However, the histograms ( Fig. 17d and e) are skew but continuous and do not allow for demarcation of subpopulations. The peak firing rate of cold nociceptors is much lower than that of heat polymodals, typically around 2 s À1 (Fig. 18f) . When analyzing the responses across a population, the majority (n ¼ 20/30) of the fibers discharged less than ten spikes per cold stimulus of 60 s duration (Fig. 18d) . As with the heat responses, the peak firing rates were correlated with the magnitude of the response (Fig. 18g) . The cold thresholds of cold nociceptors appear to form a bimodal distribution (Fig. 18e) . About half of the fibers have thresholds between room and bath temperature and show dynamic sensitivity with slow but complete adaptation (Fig. 18a,e) . The other half presents with thresholds in the noxious range, and these units show much less or no adaptation (Fig. 18b,e) . 
